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SUMMARY 

Z i r c o n i a  p a r t i c l e s  were sprayed i n t o  water  w i t h  an a rc  plasma gun i n  
o r d e r  t o  de termine t h e  e f f e c t  o f  va r ious  gun o p e r a t i n g  parameters on t h e i r  

Ln morphology. The c o l l e c t e d  p a r t i c l e s  were examined by XRD and SEM techn iques .  
N m A c o r r e l a t i o n  was e s t a b l i s h e d  between t h e  con ten t  o f  s p h e r i c a l  (mo l ten )  

w a n a l y s i s .  I t  was determined t h a t  the compos i t i on  o f  t h e  a r c  gas and t h e  power 
I p a r t i c l e s  and t h e  o p e r a t i n g  parameters by v i s u a l  i n s p e c t i o n  and r e g r e s s i o n  rl 

i n p u t  were t h e  predominant  parameters t h a t  a f f e c t e d  t h e  m e l t i n g  o f  z i r c o n i a  
p a r t i c l e s .  

INTRODUCTION 

An i m p o r t a n t  a p p l i c a t i o n  o f  the  a r c  plasma spray  techn ique  has been t h e  
d e p o s i t i o n  o f  y t t r i a - s t a b i l i z e d  z i r c o n i a  t o  fo rm thermal  b a r r i e r  coa t ings  
(TBC) t o  be used i n  h i g h  heat  f l u x  a p p l i c a t i o n s  such as t h e  Space S h u t t l e  main 
eng ine  (SSME) t h r u s t  chamber and the h o t  components i n  t h e  gas t u r b i n e  and 
d i e s e l  engines.  There i s  a cons ide rab le  amount o f  l i t e r a t u r e  on t h e  s u b j e c t  
o f  z i r c o n i a  based T B C ' s  (e.g., r e f s .  1 t o  11). I t  dea ls  m o s t l y  w i t h  
f o r m u l a t i n g  new z i r c o n i a  and bond coat  compos i t ions  and t e s t i n g  w h i l e  t h e  
s p r a y i n g  techn ique  remained an a r t  a r r i v e d  a t  by exper ience o r  some l i m i t e d  
o p t i m i z a t i o n  procedure.  I t  i s  p robab le  t h a t  plasma sp ray ing  has reached t h e  
s tage where e m p i r i c a l  development i s  approach ing  i t s  l i m i t  and any f u r t h e r  
improvement i n  c o a t i n g  per formance w i l l  be t h e  r e s u l t  o f  b e t t e r  s c i e n t i f i c  
unders tand ing  o f  t h e  fundamental processes t h a t  c o n t r o l  t h e  f o r m a t i o n  o f  t h e  
c o a t i n g .  Only r e c e n t l y  some exper imenta l  and t h e o r e t i c a l  s t u d i e s  were 
r e p o r t e d  ( r e f s .  13 t o  16) .  A model has been proposed ( r e f .  17)  which 
c a l c u l a t e s  ( f r o m  fundamental process v a r i a b l e s  such as power i n p u t ,  gas f l o w  
r a t e ,  p a r t i c l e  s i ze ,  e t c . )  v e l o c i t y  and tempera ture  f i e l d s  i n  plasma f lame i n  
t h e  presence o f  a t a r g e t .  The model a l s o  c a l c u l a t e s  t h e  p a r t i c l e  h l s t o r i e s  
and consequent b u i l d - u p  and s o l i d i f i c a t i o n  o f  c o a t i n g  on t h e  t a r g e t .  Accuracy 
o f  t h i s  model i s  l i m i t e d  by t h e  lack  o f  d a t a  about  t h e  e f f e c t i v e  gas thermal  
c o n d u c t i v i t y  and c o m p l i c a t i o n s  r e s u l t i n g  f r o m  t u r b u l e n t  m i x i n g  o f  t h e  plasma 
j e t  w i t h  t h e  sur round ing  c o l d  a i r .  A lso ,  e v a p o r a t i o n  may reduce t h e  heat  
t r a n s f e r  and mod i f y  t h e  plasma t r a n s p o r t  p r o p e r t i e s  ( r e f .  18) .  A s  a r e s u i t ,  
t h e  p a r t i c l e  temperature c a l c u l a t e d  f r o m  gas tempera ture  v e l o c i t y  and gas 
p r o p e r t i e s  do n o t  agree w e l l  w i t h  the exper imen ta l  da ta .  
p o s s i b i l i t y ,  t h a t  i n  t h e  case o f  ceramic m a t e r i a l s ,  one c o u l d  have 
i n c o m p l e t e l y  me l ted  p a r t i c l e s .  R. McPherson ( r e f .  16)  i n t r o d u c e d  t h e  concept  
o f  " d i f f i c u l t y  o f  t h e  m e l t i n g  f a c t o r "  DMF = AHmp-1/2, where 
hea t  con ten t  pe r  u n i t  volume o f  a m a t e r i a l  j u s t  above i t s  m e l t i n g  p o i n t  and p 
i s  t h e  d e n s i t y  ( r e f .  17) .  Tab le  I ,  t aken  f rom t h e  above re fe rence ,  i n d i c a t e s  
t h a t  ox ides  a r e  more d i f f i c u l t  t o  m e l t  t h a n  t h e  me ta l s  because of t h e i r  h i g h  
heats  o f  m e l t i n g  and low d e n s i t l e s .  I f  some o f  t h e  plasma-sprayed o x i d e  
p a r t i c l e s  a r e  n o t  mo l ten  o r  o n l y  p a r t i a l l y  mo l ten ,  t h e y  w i l l  f o r m  s o l i d  
i n c l u s i o n s  .In t h e  c o a t i n g  and thus  degrade i t s  mechanica l  p r o p e r t l e s .  I n  
p r a c t i c e ,  ve ry  l i t t l e  a t t e n t i o n  has been p a i d  t o  t h i s  q u e s t i o n  and p r e c i s e l y  

There i s  t h e  

AH,,, i s  t h e  



f o r  t h i s  reason the  p resen t  s tudy  was under taken t o  de termine t h e  e f f e c t  o f  
v a r i o u s  plasma gun-operat ing parameters on t h e  morphology o f  z i r c o n i a  
p a r t i c l e s  sprayed i n t o  t h e  water .  

EXPERIMENTAL PROCEDURE 

Mater  'I a 1 

The z i r c o n i a  powder used i n  t h i s  s tudy  con ta ined  6.89 ut % y t t r l a ,  
1.79 pe rcen t  h a f n i a  and some ve ry  smal l  amounts o r  t r a c e s  o f  Al2O3, CaO, 
Si02, Fe203. Cr203, T i02 ,  N i O ,  and MgO. The p a r t i c l e  s i z e  o f  t h e  
z l r c o n i a  powder was i n  t h e  range between 200 and 325 mesh. 
( f i g .  1 )  shows the  s i z e  and shape of t h e  as- rece ived z i r c o n i a  p a r t i c l e s .  I t  
r e v e a l s  a l s o  t h a t  each p a r t i c l e  was made up o f  smal l  g r a i n s  3-10 p i n  
d iameter .  XRD a n a l y s i s  d i s c l o s e d  t h a t  about  1/3 of t h e  z i r c o n i a  was i n  
monoc l i n i c  and 2/3 i n  c u b i c  + t e t r a g o n a l  forms. 

SEM examinat ion  

Exper imenta l  Design 

I n  o rde r  t o  determine t h e  e f f e c t  o f  some a r c  plasma gun-opera t ing  
parameters on morphology o f  thermal  sprayed z i r c o n i a  p a r t i c l e s ,  t h e  o x i d e  
powder was sprayed f r o m  a d i s t a n c e  o f  about  18 cm i n t o  4000 cc o f  d i s t i l l e d  
water  con ta ined  i n  a 5000-cc g l a s s  beaker .  The d i s t a n c e  above i n d i c a t e d  was 
l a r g e  enough t o  i n s u r e  t h a t  a l l  t h e  me l ted  p a r t i c l e s  had s o l i d i f i e d  b e f o r e  
impac t ing  t h e  water su r face .  Approx imate ly  10 g o f  z i r c o n i a  powder was 
c o l l e c t e d  i n  t h e  beaker. The c o l l e c t e d  p a r t i c l e s  were washed i n  a l c o h o l ,  
d r i e d ,  and analyzed by XRO, SEM techn iques .  

The f o l l o w i n g  plasma gun-opera t ing  parameters were cons idered I n  t h i s  
s tudy :  power i n p u t ,  powder feed r a t e ,  a r c  gas f l o w ,  feed gas f l o w ,  and gas 
compos i t ion .  The des ign  was an incomple te  t w o - l e v e l  f a c t o r i a l  i n  which t h e  
feed gas f l o w  parameter was used a t  one l e v e l  i n  s i x  ' instances. Tab le  11 
l i s t s  t h e  a r c  plasma gun-opera t ing  parameters and t h e i r  va lues  a t  t h e  two 
l e v e l s  used i n  t h e  exper iment .  The compos i t ions  o f  t h e  a r c  gas and feed gas 
were t h e  same. Table I11 i s  a d iagram o f  t h e  exper imen ta l  des ign .  The l a s t  
two columns o f  the t a b l e  l i s t  t h e  exper imen ta l  r e s u l t s .  Tab le  I11 should be 
read as f o l l o w s :  f o r  Sample No. 7 ,  t h e  spray parameters a r e  (01001) which 
means t h a t :  

Power i n p u t  - 12.8 kW 
Powder feed r a t e  - 35.6 g/min 
Arc gas f l o w  - 24.9 SLPM 
Gas compos i t ion  - p u r e  argon 
Feed gas f l o w  - 5.5 SLPM 

The t o t a l  number o f  i n v e s t i g a t e d  samples was 25 i n c l u d i n g  t h e  as- rece ived 
z i r c o n i a  powder. A smal l  amount o f  powder f r o m  each sample was prepared f o r  
SEM a n a l y s i s ,  and photographs were taken  a t  l O O X  and 500X. Also,  some 
s e l e c t e d  powders were mounted i n  epoxy r e s i n ,  ground and p o l i s h e d  t o  o b t a i n  
c ross  s e c t i o n s  o f  t h e  g r a i n s  which were examined by t h e  SEM and photographed 
a t  500X. XRO p a t t e r n s  o f  z i r c o n i a  were taken  u s i n g  CUKU r a d i a t i o n .  

RESULTS AN0 OISCUSS 

V i s u a l  examinat ion o f  t h e  photographs revea 
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( 1 )  Each sample con ta ined  mel ted p a r t i c l e s ,  p a r t i c l e s  w i t h  d i f f e r e n t  
degrees o f  m e l t i n g ,  and sometimes p a r t i c l e s  i n  t h e i r  o r i g i n a l  shape. A 
p a r t i c l e  w l t h  s p h e r i c a l  shape and smooth s u r f a c e  i s  cons idered t o  have been 
mel ted ,  whereas a p a r t i c l e  w i th  e l i p s o i d a l  shape and smooth s u r f a c e  i s  assumed 
t o  be p a r t i a l l y  me l ted .  The r e l a t i v e  amounts o f  each k i n d  o f  p a r t i c l e s  v a r i e d  
w i t h  t h e  change o f  gun o p e r a t i n g  parameters. 
z l r c o n i a  p a r t i c l e s  r e p r e s e n t i n g  Samples No. 2 and 16 wh ich  were sprayed under 
a d i f f e r e n t  s e t  o f  gun o p e r a t i n g  parameters ( f o r  d e t a i l s ,  see t a b l e s  I1 
and 111). The d i f f e r e n c e  between these two samples i s  obv ious.  I n  t h e  case 
of Sample No. 2, t h e  m a j o r i t y  o f  p a r t i c l e s  was p a r t i a l l y  me l ted  and o n l y  a few 
t o t a l l y  me l ted  p a r t i c l e s  cou ld  be observed. Sample No. 16 presented  an 
o p p o s i t e  p i c t u r e ;  namely, n e a r l y  a l l  t h e  p a r t i c l e s  were mo l ten  w i t h  o n l y  some 
p a r t i a l l y  mo l ten .  The f o l l o w i n g  f i g u r e  3 i l l u s t r a t e s  p a r t i c l e s  o f  t h e  same 
Samples No. 2 and 16 b u t  under h ighe r  m a g n i f i c a t i o n .  I t  b r i n g s  o u t  i n  more 
d e t a i l  t h e  morpho log ica l  d i f f e r e n c e s  between t h e  p a r t i c l e s  o f  t hese  two 
samples. Random c ross -sec t i ons  o f  t h e  p a r t i c l e s  a r e  shown i n  f i g u r e  4 .  One 
can see t h a t  t h e  p a r t i c l e s  c o n t a i n  p o r o s i t y ,  rega rd less  o f  whether they  were 
comp le te l y  o r  p a r t i a l l y  mel ted.  I t  appears t h a t  t h e  p a r t i c l e s  wh ich  w e r e  
comp le te l y  me l ted  formed h o l l o w  spheres. 

F i g u r e  2 shows photographs o f  

( 2 )  I t  can be seen f rom f i g u r e  5 t h a t  t h e  p a r t i c l e s  r e p r e s e n t i n g  Sample 
No. 7 a r e  i n  genera l  sma l le r  t han  t h e  p a r t i c l e s  o f  Sample No. 8. They may 
appear t o  be sma l le r  as a r e s u l t  o f  s p h e r o d i z a t i o n .  However, t h e r e  I s  no r e a l  
change i n  volume ( p o r o s i t y  i s  r e t a i n e d  ( f i g .  4 ) ) .  There fore ,  t h e  r e d u c t i o n  o f  
t h e  p a r t i c l e  s i z e  can be exp la ined  t o  be t h e  r e s u l t  o f  evapora t i on .  Chen and 
Pfender ( r e f .  18) cons idered evapora t i on  as an i m p o r t a n t  f a c t o r  where gaseous 
p roduc ts ,  evo lved f rom t h e  p a r t i c l e s  d u r i n g  sp ray ing ,  c o u l d  a f f e c t  plasma 
t r a n s p o r t  p r o p e r t i e s  and i t s  temperature.  I t  may be o f  i n t e r e s t  t o  i n d l c a t e  
t h e  gun o p e r a t i n g  parameters f o r  both samples. 

Sample 7 Sample 8 
(01010) (01100) 

Power, kW 
Powder feed r a t e ,  g/min 
Arc gas f l o w ,  SLPM 
Gas compos i t ion .  v o l  X He 
Feed gas f l o w ,  SLPM 

12.8 
35.6 
27.5 
20.0 

3.6 

12.8 
35.6 
40.0 
0 
3 . 3  

A s  one can see, t h e  o n l y  d i f f e r e n c e s  between these  two se ts  o f  parameters 
( t h e  d i f f e r e n c e  i n  feed gas f l o w  i s  I n s i g n i f i c a n t  and can be d i s regarded)  were 
a r c  gas f l o w  and gas compos i t ion .  From t h e  examinat ion  o f  bo th  photographs 
and t h e  r e f e r e n c e  t o  t a b l e  111, one can ccnc lude t h a t  t h e  presence o f  h e l i u m  
i n  t h e  gas ( a r c  and feed gas) promoted m e l t i n g  o f  t h e  z i r c o n i a  p a r t i c l e s  and 
t h a t  i nc reased  a r c  gas f l o w  i n h i b i t e d  t h e  m e l t i n g .  I t  i s  p o s s i b l e  t o  d i s c e r n  
i n  a ve ry  q u a l l t a t i v e  way t h e  e f f e c t  o f  d i f f e r e n t  parameters by i n s p e c t i n g  a l l  
t h e  sprayed p a r t i c l e  photographs assoc ia ted  w i t h  t a b l e  111. However, i t  i s  
more conven ien t  t o  a s s i g n  some numer ica l  va lue  t o  t h e  observed e f f e c t  (degree 
o f  m e l t i n g ) .  T h i s  was done by coun t ing  t h e  number o f  s p h e r l c a l  p a r t i c l e s  
w i t h i n  an area  (abou t  25 t o  30 cm2) o f  t h e  photographs and exp ress ing  t h e i r  
c o n t e n t  as percentage of t o t a l  number o f  p a r t i c l e s  con ta ined  i n  t h i s  a rea .  
The va lues  ob ta ined  a r e  l i s t e d  i n  the  l a s t  column o f  t a b l e  111. By a p p l y i n g  
r e g r e s s i o n  a n a l y s i s  t o  these da ta ,  I t  was found t h a t  t h e  c o r r e l a t i o n  was n o t  
s a t i s f a c t o r y .  However, d u r i n g  t h e  sp ray ing  process o f  c e r t a i n  samples, i t  was 
no ted  t h a t  t h e  gun was n o t  work ing  p r o p e r l y ;  namely, t h e  d e p o s i t i o n  o f  mo l ten  
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z i r c o n i a  occurred on t h e  anode on t h e  o p p o s i t e  s i d e  o f  t h e  p a r t i c l e  i n j e c t i o n  
o r i f i c e .  Apparent ly ,  h i g h  feed gas f l o w  I n  comb ina t ion  w i t h  o t h e r  parameters 
caused t h e  gun t o  m a l f u n c t i o n .  T h i s  m a l f u n c t i o n  was observed w h l l e  s p r a y i n g  
Samples 2, 7, 22, and 24. By e l i m i n a t i n g  f rom t h e  a n a l y s i s  t h e  da ta  
p e r t a i n i n g  t o  h i g h  feed gas f l o w ,  i . e . ,  2, 7, 11, 13, 17, 19, 22, and 24, we 
o b t a i n  an equat ion  which q u i t e  a c c u r a t e l y  expresses t h e  c o n t e n t  ( p e r c e n t )  o f  
me l ted  p a r t i c l e s  (MP)  as a f u n c t i o n  o f  plasma gun o p e r a t i n g  parameters 
MP = 2.72 * power - 0.634 * t o t a l  gas f l o w  + 2.280 * v o l  X He -0.0708 * 
( f e e d  r a t e  - average feed r a t e )  * ( t o t a l  gas f l o w  - average t o t a l  gas f l o w ) .  

4.369 and R2 I s  99.44 pe rcen t .  Consequent ly,  i n  o r d e r  t o  secure t h e  m e l t i n g  
o f  z i r c o n i a  one should i n c r e a s e  t h e  power i n p u t  and i n c r e a s e  t h e  tempera ture  
and hea t  c o n d u c t i v i t y  o f  t h e  gas by  add ing  more h e l i u m  t o  argon.  A r c  gas f l o w  
and powder feed r a t e  have a n e g a t i v e  b u t  c o n s i d e r a b l y  l e s s  s i g n i f i c a n t  e f f e c t .  
Cons ide r lng  the  thermal  c o n d u c t i v i t y  va lues  ( a t  room tempera ture  and 5000 K )  
f o r  hydrogen, he l ium,  n i t r o g e n ,  and argon ( r e f .  19) one can see t h a t  by sub- 
s t i t u t i n g  n i t r o g e n  f o r  argon, and perhaps e n r i c h i n g  i t  w i t h  h e l i u m  o r  hydrogen, 
t h e  m e l t i n g  o f  t h e  plasma sprayed p a r t l c l e s  would be enhanced. 

The s tandard d e v i a t i o n  o f  t h e  p r e d i c t e d  va lue  about  r e g r e s s i o n  l i n e  i s  

Thermal c o n d u c t i v i t i e s  a t  room 
tempera ture  and 5000 K 

( g  ca l / (cm)  ( sec )  ( K ) )  

A300 K A5000 K 

A r  42.7 277.7 
H 553.4 3419.9 
H2 455.8 3702.8 
He 379.6 2330.4 
N 88.6 625.9 
N2 63.9 515.6 

Besides morpho log lca l  changes t h a t  z i r c o n i a  p a r t i c l e s  undergo d u r i n g  
plasma spray ing,  t h e r e  a r e  a l s o  c r y s t a l l o g r a p h i c  changes wh ich  took  p l a c e .  
Namely, t h e  con ten t  o f  m o n o c l i n i c  z i r c o n i a  i n  t h e  plasma sprayed p a r t i c l e s  was 
reduced f rom 29 t o  much lower  va lues ,  depending upon t h e  spray  parameters.  
T h i s  was c a l c u l a t e d  us ing  an equa t ion  

wh ich  expresses t h e  r a t i o  o f  t h e  moles o f  t h e  m o n o c l i n i c  phase ( M )  t o  moles o f  
t h e  cub ic  (F)  p l u s  t e t r a g o n a l  ( T I )  phases ( r e f .  1 9 ) .  The c a l c u l a t e d  va lues  
a r e  l i s t e d  i n  t a b l e  111. The i n s p e c t i o n  o f  t h i s  column revea led  t h a t  t h e  h i g h  
va lues  f o r  Zr02(mon) 
p a r t i c l e s  and low  va lues  f o r  Zr02(mon) corresponded t o  h i g h  va lues  o f  t h e  
c o n t e n t  o f  mo l ten  p a r t i c l e s .  Regress ion a n a l y s i s  y i e l d e d  an  equat ion :  
% Zr02(mon) = 6.35 - 0.0490 x p e r c e n t  me l ted  p a r t i c l e s ,  w i t h  
and s tandard  d e v i a t i o n  about  r e g r e s s i o n  l i n e  o f  1.351. 
i s  o n l y  f a i r ,  t h e  t r e n d  i s  obv ious .  The p a r t i c l e s  wh ich  were me l ted  as a 
r e s u l t  o f  exposure t o  h i g h  tempera ture  plasma con ta ined  l e s s  m o n o c l i n i c  fo rm 
than  t h e  p a r t i c l e s  which were p a r t i a l l y  o r  n o t  mo l ten  because o f  b e i n g  
e n t r a i n e d  i n  t h e  c o l d e r  zones of plasma. 

corresponded t o  low va lues  o f  t h e  c o n t e n t  o f  s p h e r i c a l  

R2 = 50.5 pe rcen t  
Wh i le  t h e  c o r r e l a t i o n  
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An additional experiment was performed to determine the effect o f  
particle size upon their behavior in the plasma jet. The original zirconia 
powder was comminuted in a ball mill and the -325 t400 mesh fraction extracted 
by screening. This powder was sprayed into water under the same conditions 
(11110) as Sample No. 23. The results of the experiment are illustrated i n  
figure 6. In the case of larger particles, a significant portion was only 
partially melted or not melted at all, whereas, nearly all of the small 
particles were melted. In addition, the small particles apparently formed 
hollow spheres some of which disintegrated upon impacting the water as 
evidenced by the debris seen in figure 6(b). This gives additional evidence 
to the assumption that nearly all zirconia particles can be melted in the 
plasma jet if they are small enough. Therefore, the particle size 
distribution should be considered as an important parameter in the fabrication 
of thermal barrier coatings. 

SUMMARY 

1. Power input and helium content in the arc gas were the most 
significant parameters that affected the melting of zirconia particles. 
Increase in power input and in helium content promoted the melting. 

2. Arc gas flow and powder feed rate were less important parameters. 
Their effect was negative for the set of parameter values used I n  this study. 

3. The reduction in size of the molten particles indicated that the 
evaporation process of zirconia took place during the short residence time of 
the particles in the plasma jet. 

4. The obtained results confirmed that particle temperatures exhibit 
wide distribution due to temperature and velocity gradients in the plasma jet 
and consequently some of them were only partially melted or not melted at all. 

5. An additional experiment revealed that particle size is an important 
parameter that affected the morphology of the plasma sprayed zirconia powder. 
Smaller particles melted easier than the large ones when sprayed in the same 
operating conditions. 
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TABLE 111. - D I A G R A M  OF 

Power Feed Arc Gas 
r a t e  gas compo- 

f l o w  s i t t o n  

I 

EXPERIMENTAL DESIGN AN0 RESULTS 

Feed 
gas 
f l o w  

Spec i - 
men 

number 

1 
2 
3 

4 

5 

6 
7 
8 

9 

l o  
11 
12 
13 
14 

15 

16 
17 
18 
19 
20 

21 
22 
23 
24 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

Mono- 
clinic 

Zr02 
c o n t e n t  

mol % 

8.9 
5.6 
3 .0  

5.6 

4.5 

6 .8  

2.9 

6.2 

3.4 
4.4 
5.1 

4.1 

5.0 

2.9 

5.4 

1.9 

3.7 
5.3 
2.2 
3.5 

- _ -  

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

Content  
O f  

s p h e r l c a l  
p a r t i c l e s ,  

p e r c e n t  

13 
34 
50 

7 

58 

4 
19 
60 

l o  

19 
17 
22 
22 
76 

28 

72 
39 
28 
16 
82 

14 
32 
60 
47 

-- 

-- 

- _  

-- 

-- 

-- 

-- 

-- 



FIGURE 1. - SEN PHOTOGRAPH OF ZIRCONIA GRAINS IN AS RECEIVED 
CONDITION. 
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FIGURE 4. - SEM PHOTOGRAPH OF RANDOM CROSS SECTIONS OF ZIRCONIA 
PARTICLES PLASMA SPRAYED I N  WATFR S W L E  NO. 18. 
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